Equilibrium moisture contents of long-grain rough rice samples with initial moisture content of 20% and dried in a fluidized-bed system at temperatures ranging from 60 to 90 °C and relative humidities from 7% to 75% were measured. Rice sample mass and drying air conditions were recorded throughout the drying duration of each test until a steady-state mass was attained. The Page equation, with experimentally-determined drying parameters, was used to describe the drying data. Equilibrium moisture contents were determined as asymptotic values of the Page model. These equilibrium moisture contents were in turn used to estimate empirical constants of the Modified Chung-Pfost equation, a model commonly used to predict equilibrium moisture content values. The resulting Modified Chung-Pfost equation predicted equilibrium moisture contents with a root mean square error of 0.6182 and a coefficient of correlation of 0.96.
INTRODUCTION
A recent approach to rapid drying of high-moisture content (MC) rough rice utilizes high-temperature, fluidized-bed drying conditions. This technology offers several features: 1) an even flow of fluidized kernels permits continuous, large-scale operations with ease of product handling, 2) high heat and mass transfer rates create rapid movement of moisture from individually exposed kernels to air, and 3) rapid mixing of fluidized kernels leads to uniform drying throughout the fluidized-bed, thus enabling better control of the drying process (Hovmand, 1987) .
Fluidized-bed drying has been used commercially for drying rice in Asia, but it has not yet been accepted in the United States. In order to facilitate this possible acceptance, research is needed to fully quantify the kinetics of fluidized-bed rice drying under varying temperature and relative humidity (RH) conditions. A key property necessary for this quantification is the equilibrium moisture content (EMC) of rough rice Woods, 1997a, 1997b) .
Several studies have reported the Modified Chung-Pfost equation as most appropriate for modeling sorption isotherm data of rough rice and other grains (Iguaz and Versada, 2007; Basunia, 2001) . Considering that fluidized-bed drying utilizes drying air temperatures that are not currently used in the drying industry, there is a need to adjust the Modified Chung-Pfost equation for predicting EMCs at these high-temperature conditions. Therefore, the objectives of this study were 1) to measure desorption EMCs of long-grain rough rice subjected to elevated drying air temperatures (60 to 90 °C) in a laboratory-scale, fluidized-bed system; and 2) to adjust the Modified Chung-Pfost equation for predicting equilibrium data of rough rice for the range of temperatures and RHs studied.
PROCEDURES Test System
A 0.91-m 3 (32-ft 3 ) environmental chamber (Platinous Sterling Series T and RH Chamber, ESPEC North America, Hudsonville, Mich.) was utilized to produce drying air at set temperature and RH conditions (Fig. 1) . The chamber was capable of maintaining air conditions at set levels within a range of temperatures (-35 °C to 150 °C) and RHs (6% to 98%). A metal cylinder, 20.3 cm (8 in.) in diameter and 61.0 cm (24 in.) tall, with a perforated floor to hold rice samples for drying, was mounted to a metal plenum; this drying apparatus was placed inside the environmental chamber. The drying cylinder was wrapped with 2-mm (0.02-in.) thick, ceramic fiber insulation Zircar Zirconia Inc., Florida, N.Y.) . A 25.4-cm (10-in.) diameter centrifugal fan (4C108, Dayton Electric Manufacturer Co., Chicago, Ill.), coupled to a 0.56-kW (0.75-hp), three-phase electric motor (3N443BA, Dayton Electric Manufacturer Co., Niles, Ill.), was mounted outside the chamber to avoid high-temperature exposure. This fan suctioned air at a set temperature and RH from the chamber through a port located in the chamber wall, and then exhausted the air into a duct passing through a second port in the chamber wall and connected to the plenum beneath the drying cylinder. The desired airflow rate through the drying cylinder was achieved by regulating the electrical frequency of the fan motor using a frequency inverter (AF-300 Mini, GE Fuji Drives USA, Salem, Va.), which controlled the motor and fan shaft rotational speed.
A spring-loaded damper constructed in the plenum controlled airflow direction by either diverting air through the perforated floor, or by closing off the perforated floor, allowing the air to empty into the environmental chamber. Opening and closing of the spring-loaded damper was controlled by a linear actuator (damper actuator) (LACT4P, SPAL USA, Ankeney, Iowa) mounted outside the environmental chamber and connected to the damper by a cable that passed through a port in the chamber ceiling. A second linear actuator (load cell actuator) (LACT4P, SPAL USA, Ankeney, Iowa) mounted outside the environmental chamber and directly above the drying cylinder was coupled to a 178-N (40-lb f ) full-bridge, thin-beam load cell (LCL-040, Omega Engineering Inc., Stanford, Conn.). The actuator and load cell were attached to the drying cylinder via a cable that passed through a second port in the chamber ceiling.
A 1.11-kg (2.45-lb m ) rice sample, which was required to attain a 5.1-cm (2-in.) grain depth, was placed in the drying cylinder. At specified durations, the damper actuator was activated to raise the spring-loaded damper, thereby preventing airflow through the rice sample. The load cell actuator was then activated to suspend the drying cylinder just above the drying apparatus plenum. After a stabilization period, the mass of the drying cylinder and sample was recorded. The weighing procedure, which lasted 30 s, was repeated at selected intervals during a drying trial until masses remained approximately constant, varying by less than 0.01 g. The drying data were converted to MCs by using the sample mass and MC at the beginning of the drying trial. The MC data were then used to estimate constants k and n of the Page equation (Page, 1949 ) (Eq. 1) in order to mathematically model the drying data.
where MR is the moisture ratio, M i is the initial moisture content, M is the moisture content after a given drying duration, t, hours, M e is the equilibrium moisture content, and k and n are drying constants.
The asymptotic values of the Page equation were used as EMC values for given air temperature and RH conditions.
Rice Samples
Long-grain rice ('Cybonnet') was harvested at the University of Arkansas Northeast Research and Extension Center near Keiser, Ark., on 28 Aug 2007 at approximately 20% MC. The rice was cleaned using a dockage tester (XT4, Carter Day Co., Minneapolis, Minn.) and placed in storage (4 °C) within a day after harvest. Prior to each drying trial, samples were withdrawn from storage, sealed in plastic bags, and allowed to equilibrate to room temperature (20 °C) overnight. The MCs of the rice samples were then measured by drying duplicate, 15-g samples for 24 h in a convection oven (1370 FM, Sheldon Inc., Cornelius, Ore.) maintained at 130 °C (Jindal and Siebenmorgen, 1987) .
Rice samples were dried at 60, 70, 80, and 90 °C, and 7, 15, 30, 45, 60, and 75% RH. Three replicates were dried for each condition. A total of 72 drying trials were conducted. Statistical analysis, which included analysis of variance, regression, and student-T, were performed using JMP 8.0.1 (SAS Institute, Inc., Cary, N.C.)
RESULTS AND DISCUSSION
Figure 2 provides a pictorial illustration of how the Page equation (Eq. 1), using experimentally-derived k and n values, adequately described the experimental data with an average root mean square error (RMSE) and coefficient of correlation (R 2 ) of 0.5768 and 0.98, respectively, thus good drying curve estimates were obtained. Table 1 lists the EMCs determined as asymptotic values of the Page equation for each temperature and RH combination. There were no significant differences (p-values > 0.05) between replications for all drying conditions. As expected, greater EMCs were measured at greater RHs for the same drying air temperature and lesser EMCs were measured at greater temperatures for the same RH. These trends are numerically indicated in Table 1 and pictorially presented in Fig. 3 . Similar trends have been reported by Iguaz and Versada, 2007 and Chowdhury et al., 2005 . The EMC and RH relationships shown in Fig. 3 were similar to isotherms proposed by Brunauer et al. (1940) , where a sigmoid shape (S-pattern) pattern was observed.
Estimates of parameters A, B, and C of the Modified Chung-Pfost (Eq. 2) equation and the indices used to assess the accuracy of the model, namely RMSE and R 2 are shown in Fig. 4 . Results indicate that the re-modified Chung-Pfost equation, with statistically estimated parameters (A, B, and C) adequately predicted EMCs for temperatures ranging from 60 to 90 °C. The lesser R 2 (0.96) and greater RMSE (0.6182) compared to values reported in previous studies (Iguaz and Virseda, 2007; Basunia and Abe, 2001) can be attributed to the limited EMC data (total of 72) collected in the study.
where RH is relative humidity, decimal; T is temperature, °C; Me is equilibrium moisture content (wet-basis); and A, B, and C are grain specific empirical constants.
SIGNIFICANCE OF FINDINGS
The Modified Chung-Pfost equation, with statistically estimated A, B, and C, parameters, can be adequately used to predict the equilibrium moisture contents of long-grain rough rice dried in the range of 60 to 90 °C and 7 to 75% RH. This research could serve in designing and operating fluidized-bed drying systems. 
LITERATURE CITED
(°C) (% wet-basis) --------------------------------(%) --------------------------------
